The technological advances brought about by the Internet of Things enable new opportunities for a more direct interaction among users, objects, and places. This is an extremely valuable innovation for the cultural heritage sector, as it allows a more transparent use of technology in the digital augmentation of museums and cultural heritage sites. The possibility to augment physical objects with sensors detecting when they are moved and manipulated enables scenarios where descriptive information about objects is presented to users at the very exact time they are looking at them, stimulating engagement. This article describes a collaborative research effort among cultural heritage professionals, human-computer interaction experts, and developers that was aimed at investigating the goals and constraints curators consider for a physical encounter between visitors and historic relics. In a case study, we co-designed an interactive plinth centred on tangible interaction and evaluated the impact on the user experience of combining digital information with a hands-on experience of relics of World War I. Our findings show that visitors value this type of tangible interaction with collection objects positively, as it allows the discovery of details and the learning of aspects that normally go unnoticed. The synergy between physical and digital aspects stimulates empathy with the original users of the object and fosters social interaction.
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18:2 • E. Not et al. evolving state of the environment (Kranz et al. 2010; Kubitza and Schmidt 2016) , thus bypassing the need for users to explicitly interact with digital devices (computers, tablets, smartphones) . This is an extremely valuable innovation for the cultural heritage sector (Ardissono et al. 2012) , as it allows a more transparent use of technology in the digital augmentation of museums and cultural heritage sites with the benefit of keeping exhibit objects and places at the centre of the visitors' attention and with a deeper engagement solicited by the physical aspects of the interaction (Dudley 2010). Despite great excitement for the new opportunities , very few case studies have investigated the impact on the visitors' experience of combining the automatic provision of information with the first-hand manipulation of original exhibit objects. Exhibited items are normally out of visitors' reach for various reasons: technical (objects may be fragile, too small or too big; rooms may be too crowded), security (objects may be valuable), and safety (an improper manipulation might harm visitors). But there are cultural heritage contexts in which it is possible to touch artefacts and where visitors are encouraged to play an active role in exploring the museum collection. Science museums are the most typical case, with bespoke interactive exhibition elements created to stimulate learning-by-doing and social interaction (Horn et al. 2008; Meisner et al. 2007 ). For the historical domain, a limited number of case studies have investigated the possibility of visitors requesting information about the displayed objects by using hand-held facilitator objects (e.g., a magnifying glass (van der Vaart and Damala 2015) , a torch (Ridel et al. 2014) , small replicas (Marshall et al. 2016a) , cards representing objects (Ferris et al. 2004) , sheets of paper (Fraser et al. 2003) ) but not the direct manipulation of original historic objects.
This article describes a collaborative research effort among cultural heritage professionals (CHPs), humancomputer interaction experts, and developers that was aimed at investigating the desiderata and constraints curators consider for a physical encounter between visitors and historic relics. In a case study held at the Museo Storico Italiano della Guerra (Italian National War Museum, Rovereto, Italy), three main goals and expectations emerged: (1) the need for a new type of installation that offers visitors the opportunity to touch and inspect relics, combined with an information layer that guides the interaction and helps interpretation, (2) a digital augmentation that engages but preserves the centrality of the collection objects, and (3) a solution that fosters the sharing of the experience within small visiting groups.
These requirements informed the design of an interactive plinth implemented through IoT technology. We then evaluated the impact on the user experience of combining digital information with a hands-on experience of collection objects, using actual visitors. We also evaluated whether the curators' goals were met. Multiple aspects were investigated. First, we observed the extent to which visitors embrace the opportunity to touch the objects and whether the digital guidance fosters user pro-activity. We analysed how the coexistence of digital and material aspects influences visitors' behavior and which design decisions are more crucial. We also measured whether tangible interaction favours communication and joint material actions between group members.
The findings help understand the positive impact that tangible interaction supported by IoT might have when introduced in history museums, which is a largely unexplored strand of research. The conclusions drawn also provide practical guidelines on how to prepare and pace the digital information. In the article, the discussion starts with a review of related work regarding the introduction of IoT-based tangible interaction on the museum floor. Section 3 then describes the requirements expressed by curators and the decisions taken on how to structure the content and the context-awareness capabilities of the system. Section 4, regarding user evaluation, details the research questions that were investigated using actual museum visitors and the resultant findings. The article concludes with what was learned and some final reflections on the flexibility and modularity of the technology tested at the Museo della Guerra and how it could be ported to other venues and domains.
RELATED WORK ON TANGIBLE INTERACTION FOR VISITING EXPERIENCES
The possibility to augment material objects with sensors detecting when they are moved and manipulated enables scenarios where descriptive information or inspirational content about objects and places is presented to users at the very exact time they are experiencing them, stimulating engagement and sharing (Hornecker and Buur 2006; Shaer and Hornecker 2010) . We can have, for example, projections showing multimedia content when an artefact is lifted-with object movement detected via a RFID sticker attached to the artefact (Ciolfi and Bannon 2002; Damala et al. 2016) or an interactive plinth that projects information around objects that are put on top of it-with user presence and proximity detected through infrared sensors (Wolf et al. 2015) . Audio narration can be activated when visitors carrying an augmented book reach relevant hotspots in outdoor spaces-with proximity measured by a Bluetooth sensor disguised in the book . The presentation can be adapted by explicitly selecting the output language and the type of preferred information (theme) through physical gestures, like turning the pages of a book and inserting a magnetic bookmark , inserting a thematic postcard into a slot of an augmented belt (Marshall et al. 2016b) , choosing from a set of alternative replicas (Marshall et al. 2016a ), or pressing a button (Cavada et al. 2018 ). This type of interactive experience that does not involve direct interaction with digital devices (smartphones, tablets, touch screens) has already been evaluated successfully in the cultural heritage domain (Damala et al. 2016; Petrelli and O'Brien, 2016) , where tangible interaction, i.e., the encounter with the physical dimension of museum artefacts or replicas, has the potential to increase visitor engagement (Dudley 2010; .
In many cases, the interaction is designed around the use of facilitator objects that visitors carry around for activating content. This is normally due to the fact that the originals are too fragile, valuable, or prone to wear and tear to be commonly touched by a large visiting public. Very diverse form factors and interaction types have been tested in previous works. The Ec(h)o system experimented with a wooden cube with three adjacent colored sides that visitors can rotate: The coloured side that faces upward (identified through video interpretation) determines which alternative audio narration is played (Wakkary and Hatala 2007) . In Kurio (Wakkary et al. 2009 ), three bespoke objects were crafted to support family visits that include elements of game play: a Pointer shaped like a torch, used to point at the museum artefacts visitors want to select; a Listener that looks like a walkie-talkie for hearing audio files while moving through the exhibition space; and a Reader, shaped like a magnifying glass, that is used for collecting text from didactic displays. The gestures and tangible actions performed with the three facilitator objects are synchronised with the contents displayed on a PDA and a tabletop to allow visitors to monitor and advance in the game challenges. The design concept of a torch was also investigated by Ridel et al. (2014) : In their case study, the digitally augmented flashlight is used to reveal faded details in archaeological relics through projections in context. Another example of tangible interaction centred around the concept of a magnifying glass is discussed by van der Vaart and Damala (2015) : A wooden loupe conceals a mobile phone that uses Augmented Reality to trigger the display of content related to the framed objects. An object looking like a stone (Pisetti et al. 2018 ) and a votive lamp (Petrelli 2017) , both augmented with RFID technology, have also been experimented as objects that are given to visitors at the entrance of an exhibition to encourage the exploration of the available contents (Pisetti et al. 2018 ) and the selection of preferred exhibits (Petrelli 2017) .
In the case study presented in this article, we instead investigated the impact on the user experience of allowing visitors to directly touch and manipulate original artefacts. Previous research on the same topic is described by Tanenbaum et al. (2014) , although in their work an augmented glove is used by users to activate pieces of a narrative while holding objects, whereas in our case visitors use their bare hands, and the technological infrastructure is disguised within an interactive plinth. Interactive cabinets containing original objects that can be handled by visitors and used to activate stories is envisaged by Ciolfi and Bannon (2002) . A similar scenario is described by Claisse et al. (2017) , where museum volunteers were involved in a co-design process fostering idea generation, curation, and self-expression that helped them select meaningful exhibit objects and create the related emotionally involving stories. In our case study, the co-design process involved museum curators personally, with the chosen historic objects, the contents, and the interaction reflecting the museum's overall educational mission. Another difference from previous work is that the interaction has often been designed with a simplified play/stop schema based on the placement/removal of objects on active surfaces (Petrelli 2017) or on proximity to showcases (Wolf et al. 2015) . In our case study, we implemented and evaluated a richer tangible interaction where the play/stop of digital information depends on the sequence of actions committed by the visitors (who are prompted to touch and inspect the objects while the presentations are playing) and on the different positions that objects can occupy (at the centre of an active surface, in the hands of visitors, or in their showcase position). The evaluation study we performed gathers a deeper understanding of users' behaviour when they are given more freedom in object manipulation.
Previous attempts to bring together the digital augmentation of the exhibition floor with the social dimension of the visit (Tolmie et al. 2014 ) have taken advantage, for example, of projection facilities (Stock et al. 2007 ), situated public displays (Belinky et al. 2011) , group games supported by tablets (Ng et al. 2018; Rennick-Egglestone et al. 2016) , or the interaction with multi-touch tables (Stock et al. 2011) . These related studies have investigated how the interaction supported by digital devices creates sharing opportunities for the group visit, fosters discussion, facilitates family dynamics (e.g., the Facilitator role of parents as theorized by Falk (2009)), or accommodates the different interaction styles of small groups (Rennick-Egglestone et al. 2016) . In the research presented in this article, we have investigated which social activities can be stimulated by the possibility of touching original objects: Whether different people of the same group take advantage of the opportunity to touch, whether this is done just to activate presentations or also in parallel with the play of digital content, how group members take turns, and whether objects are offered/passed from one person to the other.
In a recent study on different personalisation forms useful in scenarios of tangible interaction for cultural heritage , the case study presented here was taken as an example of a system where the amount of information presented to users can be adjusted according to their level of engagement (either on users' initiative or automatically). In this article, we present the details of the study that evaluated with users their attitude toward the amount of available digital content and their pro-activeness in asking for more.
AN INTERACTIVE PLINTH FOR A PHYSICAL-DIGITAL OBJECT EXPERIENCE
The Museo Storico Italiano della Guerra in Rovereto (hereafter Museo della Guerra) is a medium-sized Italian history museum reflecting on war conflicts, with a particular focus on the Great War (1914) (1915) (1916) (1917) (1918) : weapons, uniforms, soldiers' kits, photographs, propaganda material, paintings, and memorabilia are displayed in showcases within the rooms of a historical castle (Figure 1) . In autumn 2016, the museum engaged in a co-design process with researchers in human-computer interaction (HCI) and technologists to conceive a digital installation that would increase visitor engagement with the collection objects. As mentioned in the Introduction, curators had three main goals: (1) to combine the possibility of touching relics with contextual digital information that would help visitors make sense of what they are exploring, (2) to design an interaction that preserves the centrality of objects over information, and (3) To create new opportunities for visiting groups to converse about the collection objects and reflect together.
The overall objective was to explore whether digital installations featuring tangible interaction would help those visitors who are not following a guided visit to feel the same appreciation for the direct contact with collection objects and their stories that was observed in school groups and families who attended a guided visit. This objective was informed by the findings of a general satisfaction questionnaire administered by the museum to 84 school teachers who had just concluded a (traditional) guided activity with their class. The collected feedback highlighted the major factors that impacted on visitors' positive involvement in museum's activities. Of the total 94 free-text evaluation comments and suggestions provided by teachers, 16% pointed out the remarkable value of the manipulation of historical relics facilitated by museum educators; 17% prized the quality of the information conveyed by the guides, and in particular the explanation of the hidden history of objects and their multiple layers of meaning; and 22% suggested the introduction of integrative multimedia material and additional opportunities for free exploration of the museum collection.
Founded on this baseline evidence, the joint research endeavour presented in this article addressed the design and implementation of an interactive plinth that was deployed at the museum in January 2017 as an addition to their permanent collection to encourage visitors to touch and learn about artefacts from WWI. The co-design process of the interactive plinth for Museo della Guerra started off with a brainstorming session to dissect curators' requirements and constraints and the type of experience they wanted visitors to have. This stage involved two CHPs with a deep knowledge of the collection and responsibility for deciding new exhibitions, one HCI researcher, and two technologists with expertise in IoT installations. The expanded list of desiderata listed:
• An "open vitrine" to reduce the barriers and distance between visitors and the exhibited objects, where originals can be touched. Normally, this is not allowed during non-guided visits, but the museum explicitly wanted to introduce this aspect as a novelty to explore its potential in engaging users and in fostering reflection. Some types of artefacts are owned by the museum in several instances (e.g., helmets, mess kits, military stripes, weapons and bullets, and postcards), and some of them can be safely manipulated by the public and are less prone to wear and tear (e.g. metal flatware). Curators wanted to explore the effect of authenticity and the emotional charge transmitted to visitors through direct manipulation.
• Visitors should be explicitly encouraged to analyse the artefacts in detail. The museum collection includes objects that were used in the daily life of soldiers. The objects may look ordinary and not particularly appealing: Curators wanted to stimulate in visitors an attentive and discriminating look at details and to favour learning about their multiple levels of meaning. Sometimes even minor details in their fabrication that might go unnoticed (e.g., a folded-up metal edge) might have an interesting explanation.
• The experience must be centred around the objects, preventing multimedia from stealing the spotlight.
The experience should be structured progressively to favour (i) the initial exploration of the object through touch and sight, (ii) the facilitation of its interpretation through visitors listening to the object description, and (iii) a subsequent deeper exploration of its meaning through more elaborate video material.
• Visitors should not be given devices to carry throughout the museum nor personal identifiers, as typically happens with audioguides or with facilitator objects used to activate content at selected hotspots. This requirement was put forward by curators to reduce costs and the surveillance required to minimise the loss of material. They also wanted visitors to concentrate only on the exhibits on display and to keep the workload required of ticket office staff to a minimum.
• The museum may decide to change the objects or the content at a later stage, therefore the system should be easily updatable. The installation may also be lent in turns to smaller partner museums, possibly with content adapted to better reflect their collection. This requires the installation to be of compact dimensions (some partner museums are very small) and easily movable.
In a successive phase, alternative interaction scenarios at different levels of complexity were collectively discussed regarding the concept of an interactive plinth, which were formalised with drawings and a brief description of the potential visitor experience. The scenarios were then evaluatesd by a group of three CHPs Fig. 2 . A user inspecting an object while listening to its description (left) and pressing a button to change the language of the supplementary video material (middle); a group of visitors discussing during a presentation (right).
with respect to their adherence to the museum's goals. The scenario most preferred by CHPs envisages a plinth where a small number of historic objects are on display, with a clear indication that the objects can be touched and inspected. If users place an object over a central interactive surface, then audio-video material is activated that guides the discovery and interpretation of what the object is. Objects can also be manipulated during presentations. In the first part of presentations, visual elements are kept to a minimum to avoid diverting users' attention from the objects. The amount of information conveyed is adjusted according to the visitors' interest.
Figure 1 (right) shows the prototype of the interactive plinth that was implemented to support this scenario. The final system comprises two distinct areas, one to show-case two exhibit objects and one central active area. A mess kit and barbed wire cutters were selected by curators from the museum collection. These two specific objects were chosen because they are representative of the soldiers' equipment displayed in nearby traditional vitrines (Figure 1 , left) and are a perfect starting point to explain topics such as soldiers' nutrition and assaults in the trenches. Instances of the same objects are indeed currently used by museum educators during guided visits and hands-on activities with school groups or families. An initial message displayed on a background screen invites visitors to select one object and to put it within the clearly marked area at the forefront of the plinth. This triggers an audio file that describes what the object is, how it was manufactured, and what it was used for. The audio narration is coupled with a simple (white-on-black) graphic animation and short texts displayed on the screen that highlight descriptive elements mentioned in the audio explanation (Figure 2 , left). Object descriptions guide users' attention to the physical details of the relics and have a length ranging between 72 and 86s depending on the object (mess kit or barbed wire cutters) and the output language (Italian or English). The visitor is invited by the voice-over to pick up and touch the object and observe it closely, possibly handing it to a fellow visitor: these actions do not interrupt the presentation. When the descriptive content comes to an end, the visitor is offered the option to experience an additional story provided in form of a video. An onscreen text and corresponding audio message explain to visitors how to activate the story by simply leaving the object at the centre. Video stories contain historical photographs and clips featuring the objects in use and have a length ranging between 94 and 140s depending on the object and the output language. When no more content is available, a message invites the visitor to explore the second object. Two buttons at the bottom-right are available to select the output language (Italian or English): At any time, the visitor can press one of the buttons; this has the effect of re-starting the most recently presented information in the newly selected language (Figure 2 , middle). When an inspected object is returned to its showcase position, the media content is interrupted and the interactive plinth returns to its start state.
From a technological point of view, the hardware and software setup implementing the interactive plinth involves a flexible IoT infrastructure that can easily be adjusted to work in different domains and within different physical forms.
Each exhibit object has an RFID label attached underneath; three RFID readers and two buttons installed under the top cover of the plinth are able to register user actions (objects put onto/removed from sensitive spots, button pressing). A light local processing unit (mini PC) interprets the sensors' signals and activates/stops the play of appropriate content items on the output screen according to the rules implemented in a javascript program. More technical details on the hardware architecture are described in Cavada et al. (2018) .
Following the requirements that emerged during the design phase, the contents (texts, graphics, photographs, and video clips) were selected and sequenced by museum curators with the aim of progressively favouring the initial physical exploration of the object and its details, the interpretation of its function and origin, and the understanding of the issues related to its use. The content material was then edited by a graphic designer and uploaded into the system with a bespoke authoring tool (Risseeuw et al. 2016; Not and Petrelli 2019) .
THE USER STUDY
A user study was conducted with museum visitors in September-December 2017. The aim of the study was to understand the impact of the interactive plinth on visitor engagement and to derive useful guidelines for the design of future installations of digital augmentation based on tangible interaction of exhibit objects. The study involved a mixed-method approach including the following: (i) a post-visit questionnaire aimed at capturing the overall level of appreciation of the technological installation and macroscopic aspects of usability, (ii) a set of semi-structured interviews to better understand the effect of the experience and the perceived utility of the installation, (iii) direct observations of usage to clarify usability issues and to study group dynamics, and (iv) usage statistics derived from system logs collected in an 11-week period (63 days of system activity). Overall, the user study included the collection of 61 questionnaires, the observation of 22 visitors using the plinth, nine after-visit interviews, and the logs corresponding to 426 usage sessions.
The general research questions that guided the evaluation of the interactive plinth were inspired by the three main goals that drove the design and concerned both the particularities of introducing a digital layer in a cultural space where historic relics should maintain their central role in fostering reflection, as well as the effect of tangible interaction over the personal and social visitor experience:
• RQ1 -Which are the aspects of the physical/digital synergy that are mostly valued by visitors?
• RQ2 -Do visitors use the installation as expected? Are the designed content and interaction appropriate to facilitate an engaging experience? • RQ3 -Is there any impact on group dynamics?
Methodology
To investigate the research questions above, we identified aspects to observe, ask, and measure during the user study. We analysed visitor opinions on the combination of tangible and digital aspects in a museum installation and on the aspects that contribute most to engagement levels, emotional involvement, and memorability of the experience (RQ1). We measured how the attention of users is divided between the physical objects and the digital contents and how the different type of audio-visual material impacts on visitor behaviour (RQ2). We particularly observed the gestures and verbal communication within small groups to understand how the different elements of the experience are shared (RQ3).
During the period of the study a two-page questionnaire with 13 questions was made available next to the plinth for visitors to freely fill in after system usage: a notice explained the aim of the questionnaire and invited the public to participate with their opinions (Figure 3) . Investigated aspects included the opportunity of touching original objects and their combination with digital information, intuitiveness of interaction, and content adequacy. Overall, 61 completed questionnaires were collected. The visitors who filled out the questionnaire are representative of varied age groups and gender, as shown in Table 1 . Sixteen visitors (26%) visited the museum and used the plinth alone, 39 (64%) were in a family group, and the remaining 5 were with other visit companions. Interviews and observations were carried out during one Saturday of normal opening of the museum. At the museum entrance, visitors were explicitly invited by the staff at the ticket office to use the interactive plinth installed in room 6 of the museum and to fill in the questionnaire. Of the 94 total museum visitors in that day, 24 noticed the system and decided to use it (25.5%). At the end of the visit, those who had used the plinth were invited to participate in a short interview in the museum cafeteria with a museum curator. A museum gadget was offered as a reward at the end of the interview. Nine interviews were collected.
During the whole day, a researcher in human-computer interaction was present in an area close to the plinth and performed discreet observations of 22 visitors, taking notes on paper and avoiding any influence on the natural unfolding of the individual and group usage of the installation. Observed participants came to the museum in 7 pairs, 1 group of 3 people, and 5 participants visiting alone (13 observation sessions). The duration of the observed interaction with the plinth ranged from 1 to 15 minutes, including the phase of visitors approaching the installation and conversation at the end of system use. Overall, approximately 118 minutes of behaviour were observed. The analysis of system logs reveals that the actual time of system functioning during observation sessions ranged between 42s and 8 minutes and 11s (average μ = 4 24 , standard deviation σ = 2 20 ). Observations were conducted without video recording: therefore, the subsequent qualitative analysis was based on the detailed handwritten notes taken during the usage and immediately after. A grid listing all the most important aspects to observe was prepared in advance to help and speed up the note writing (Figure 4) . To guarantee consistency, all the notes were taken by the same observer, who subsequently transcribed them into electronic form. The data were then annotated with a coding scheme based on 38 labels corresponding to relevant interaction phenomena ( Figure 5 ).
Labelled events include the picking up of an object for the purpose of activating a presentation, the holding of an object during a presentation (both following the invitation expressed in the audio message or on visitor's initiative), failed attempts to activate content, what error caused the failed activation, and whether an object was passed to a visit companion. A total of 236 annotated events provided a qualitative understanding of the causes for failed content activation, the motivations for object handling, how interaction was shared among group members, how attention was divided between physical and digital elements, and the propensity of users in activating additional content. The logs of system functioning collected during 11 weeks were used to find quantitative confirmation of some of the observed phenomena. Logs traced the following events: the detection of an object placed within the central active area and in the two showcase positions and its removal; the start, end, or stop of a presentation; and the pressing of a button. The logs were automatically segmented into separate sessions whenever an idle time of the plinth greater than 2 minutes was observed. Of the resulting 426 sessions, 252 have a duration greater than 30s (μ = 3 19 , σ = 2 30 ) and were considered as more interesting for behaviour analysis.
Results

RQ1: The Synergy Between the Physical and the Digital.
Previous research has demonstrated that a multi sensorial experience, and touch in particular, increases the appreciation and understanding of cultural heritage (Dudley 2010). More specific studies have investigated how the physical dimension can be combined with the digital one to support an interaction where technology "disappears," keeping objects, spaces, and their stories at the centre of the user experience (Ferris et al. 2004; Ciolfi and Bannon 2005) . In our research study, we investigated in particular which aspects of the physical/digital synergy are mostly valued by visitors who are offered the possibility of manipulating exhibit objects while experiencing digital contents recounting multiple layers of interpretation.
During the interviews, participants expressed a generally positive opinion on the introduction of interactive technology inside the museum rooms. From previous experiences in other museums, they expected that some form of technology augmentation is progressively being introduced in all museums, and, therefore, they were not surprised. They declared they were not worried about using technology-augmented installations: Even an 87-year-old interviewee said he had no difficulty. During the observations, some usage problems were actually noticed due to usability issues (as described in the section below). However, it seems that these did not heavily affect the overall positive perception of interviewees on the suitability of the technological augmentation. This is confirmed by the suggestion expressed by four interviewees to have more exemplars of the interactive plinth distributed throughout the museum. The interactive plinth was described as more effective than traditional showcases ("it remains fixed in your mind"): visitors said they felt emotions, acquired new information, or had confirmation of previous knowledge. The presence of a narrating voice that guides the exploration of the object details was much appreciated ("as a real [human] guide!").
The positive judgment that emerged from the interviews is confirmed by the analysis of the 61 questionnaires, where questions used a 5-point scale to ascertain participants' opinion. Mean values above 4.3 were calculated for the two questions investigating the overall appreciation of the digital augmentation of exhibit objects. No statistical difference was found in the replies provided by participants who used the interactive plinth in different social contexts (alone vs. with companions).
Particularly valued was the opportunity to touch the objects. A specific item in the questionnaire investigated this aspect with a multiple-choice question: The appreciation of the possibility to touch objects and the presence of a narrating voice is higher than the preference for watching video material (Figure 6 ). McNemar's chi-squared test was used to assess this aspect: Touching objects is preferred over video with χ 2 = 22.781 and p < 0.001 (p = 1.815e-06) and over audio with χ 2 = 6.2609 and p = 0.01796; audio is preferred over video with χ 2 = 5.6 and The opportunity to touch added value to the discovery of an object in several ways. First, handling allowed exploration of the physical properties and details of the artefacts, thus revealing manufacturing procedures adopted in a different historical period. It made learning and understanding more concrete. Crucially, it also allowed a reduction in the perceived distance between the visitors and the collection, dispelling the myth of the "don't touch" aura typical of historical museums (Physical engagement; Inspection of details). Second, respondents recognised that the physical and digital dimensions complement each other, favouring understanding, guiding attention, and fostering memorability (Digital & Physical synergy; Guidance) . The experience also allowed the transmission of the emotional load related to the fact that the objects had been actually used by people distant in time in dramatic situations (Emotional involvement). The synergy between the physical manipulation of the objects and an audio narration that guides their exploration is the combination that stimulated the richest variety of positive opinions (Figure 7 , fourth column). Some negative comments were collected from the other free text entries in the questionnaire (questions 10, 11, and 13 in Figure 3 ): One participant described the touching of the objects as "not hygienic"; another highlighted that the voice-over has a monotonous tone and video sometimes stops. Other respondents suggested to introduce more interactivity for teenagers, to introduce comparisons about how the object was used by opposing armies, and to extend the duration of presentations with more information.
The study revealed that different objects may have a different appeal. The analysis of the interaction logs automatically collected by the plinth during 11 weeks of usage uncovered that, of a total of 252 sessions with duration greater than 30s, the 94% of the sessions contain at least one content activation for the mess kit but only 47% of the sessions contain a content activation for the barbed wire cutters. Further investigations would be required to understand the specific reasons for this preference, e.g., ease of manipulation, higher attractiveness of the associated topic, and aesthetic features of the object. CHPs might periodically check statistics to understand which relics are more popular and potentially decide to renovate the installation by choosing different collection objects, as was experimented by Marshall et al. (2015) , for example.
RQ2: Actual Installation
Usage. Despite the intuitiveness of object handling, some aspects of the interactive plinth were not completely clear to users, as indicated by the level of agreement to the questionnaire statement "I understood immediately how to use the vitrine," with 18 (29,5%) opinions showing low agreement, with a scoring value between 1 and 3 on a five-point scale (Figure 8, right) . A mild positive correlation (Pearson r = 0.58) was observed between the answers to the question "Overall, how do you evaluate your experience" (Figure 8, left) and the scores to the statement "I understood immediately how to use the vitrine" (Figure 8, right) . This correlation suggests that usability problems might have influenced the overall appreciation score. A deeper understanding came from the direct observations that carefully investigated how the plinth was actually used, whether visitors behaved as expected, and how objects and digital media seemed to capture their attention.
Of the 13 observed sessions (for a total of 22 visitors), 4 revealed a problematic start: Two single participants and two groups were observed having problems with the activation of the first content. When visitors reached the interactive plinth during their museum visit, the display showed the following invitation message (here translated literally from the original Italian message): "Would you like to know more about these objects? Select the item you prefer and place it at the centre of the vitrine." Despite the horizontal area at the front of the plinth showing a clearly marked white outline of the two objects as an invitation to place the objects there (Figure 2) , these participants had difficulties in understanding where the "centre of the vitrine" was. During the interview, participants said that the term "vitrine" was somehow misleading: They normally associate the term to a traditional closed, glassed showcase, whereas the interactive plinth looked more like a booth, so the usability problem originated from the attempt to match the instructions they had read and the consequent expectations with the actual physical form of the installation. The other major usability problem was related to the activation of the supplementary video stories. The analysis of the interaction logs (252 sessions longer than 30s) showed that video stories represented only 9.5% of the total of the activated content items. This means that visitors often engaged only with the first part of the object exploration. During the interviews and live observations, we particularly investigated the actual cause of the phenomenon, e.g., whether this is due to lack of interest, to audio descriptions that are too long, or to some usability problem. Interviewees actually stated that the contents were adequate and interesting, and this is in line with the findings of the questionnaire. They explicitly said that the length of narration was not excessive and that they would have welcomed even longer material, given that the topic was of interest. It did emerge, however, that most of the participants had not realised that an additional video story was available: They thought that the object description with a graphic animation was all that was available. During observations it clearly appeared that visitors misunderstood the intermediate instructions that explain how to activate the video story: the text on the screen and the voice-over are quite similar to the welcome message ("If you want to know more about this object . . . ") and most visitors acted as if the plinth had returned to its start state, i.e., putting the current object back to its showcase position and choosing the other one. Instead, whenever the video story was successfully activated, it was played and watched carefully until its end.
Despite these usability problems, observed participants seemed at ease during the handling of the objects: After the first content activation, many of them followed the invitation to pick up and observe the objects again more closely (12 of 22 participants touched the objects while a presentation was playing). The actions were performed spontaneously: Apparently, users understood well that the presentation would not stop. They also seemed to grasp that placing the objects in their showcase position at the rear of the plinth had, instead, the effect of stopping the current presentation and of resetting the plinth to its start state. The installation and the objects were handled respectfully, with care, and with the plinth being left in order at the end of its use. The observations were confirmed on a larger scale by analysing the logs of 252 sessions. Nine hundred twenty-three object placements at the centre of the plinth were registered: In 560 cases, this action caused a new presentation to be activated. The remaining 363 actions correspond to object manipulations performed during an ongoing presentation. This phenomenon of object inspection was registered at least once in 61.9% of the sessions. Logs also confirmed that 86% of the sessions ended with both objects correctly placed in their showcase position at the rear of the plinth.
Observations were essential to study the users' focus of attention, which is not computable from the logs. This is an interesting aspect to study, as previous work in the literature has demonstrated how technology introduced on the museum floor risks to divert users' attention from the actual exhibition (vom Lehn and Heath 2003) . In our study, during the play of the initial object descriptions, most often (69.5%) the visual attention of the observed visitors was shared between the object and the graphic animation. In contrast, when the follow-up video story was playing, 80% of observed participants focused only on the digital material. The difference between the two conditions is significant (chi-squared test with Yates correction = 5.0516, p = 0.0246), revealing that the design of the interaction succeeded in satisfying the original requirement of having a first exploratory phase focused on the physical objects and a second phase where digital information completes the cognitive experience.
RQ3: Supporting the Social Dynamics.
Previous work has demonstrated that social interaction and active participation around interactives make the experience more meaningful and memorable (Heath et al. 2002; Hornecker 2010; Hornecker and Stifter 2006; Ciolfi et al. 2008 ). In our research study, we investigated through observation which social interactions unfold at an interactive installation that supports the physical/digital exploration of collection objects. The interactive plinth supported and fostered social interaction in small groups of visitors in different ways. In six of eight groups, conversation was observed before or after the plinth was used, with discussion on which object to pick up first, comments on the physical properties of the relics and on information mentioned in the digital material, or suggestions on how to use the plinth. Fifteen of the 17 participants who visited in a group had a chance to touch the objects: People took turns to pick up exhibits from their showcase position to activate a presentation or handed them over to fellow visitors or spontaneously picked them up from the centre of the table during a presentation. In line with other observation studies held in science museums (Heath and vom Lehn 2008) , the availability of shared interactives provided an opportunity for group members to participate, and almost all of them embraced it. This interaction behaviour is partly different from other case studies of portable interactives where visitors in small groups undertake specific roles at the beginning of the visit and then role exchanges may occur or not, for example, when a guiding/facilitator object is carried by a lead person (Marshall et al. 2016b) or when different interactive objects are distributed to group members at the beginning of the visit (Wakkary et al. 2009 ).
The interactive plinth seemed also to function as an aggregating point for small groups. Groups were observed splitting up to visit the other traditional vitrines, with individual members moving at their own pace. This is a well-known phenomenon in museum visits that depends on personal visiting styles, interests, and the impact of the social context (Dim and Kuflik 2014; Tolmie et al. 2014 ) and that may be amplified when personal mobile guides are used (Lanir et al. 2013) . Instead, the plinth was typically used by groups together, with members waiting for each other or with the second member quickly arriving if a presentation was started. Members stayed together until they left the interactive installation. The only exception was a group with a father and two young children: After a few minutes, the father wanted to proceed in the visit and moved away while pushing for the children to leave. But in the end, he came back and waited for the children to finish watching a video story. To gather additional evidence, we stimulated self-reflection on the social aspects of the visit in the questionnaire: Participants who visited with their family or in a small group answered the statement "I feel I've shared the experience with my group" with a mean score of agreement of 4.09 on a five-point scale (N = 44, σ = 1.07).
DISCUSSION AND CONCLUSION
The results of the user study show a possible way to introduce tangible interaction of collection objects in history museums, which is a largely unexplored strand of research. Provided that they are clearly encouraged to inspect the relics to know more about their usage and story, visitors quickly overcome hesitation and undertake a normally forbidden interaction. The possibility to touch combined with a narrated voice-over is the aspect that was valued more positively as it allows the discovery of details and the learning of aspects that normally go unnoticed. Most remarkably, direct contact with a historical object augmented with information containing its context of use stimulates empathy with the original users of the object, eliciting emotional involvement. The evidence suggests visitors would welcome the possibility of spreading this type of closer access to exhibit objects throughout the museum, as they perceived an added value for the visit experience that goes beyond a single installation, offering them the possibility to spend more time in the museum rooms with the exhibit objects that interest them most. By comparing these findings with the comments and suggestions expressed by the 84 teachers in the survey on traditional guided visits (mentioned at the beginning of Section 3), we can see that the designed digital augmentation succeeded in replicating the most appreciated/desired factors.
The lessons learned also provide practical guidelines on how to prepare the experience and pace the digital information. The collection objects should be carefully chosen so that their manipulation seems appealing and it is not cumbersome and provides an added value. For the Museo della Guerra, for example, the appropriateness of the selected objects had already been tested by museum educators during the existing activities with families and schools, where manipulation helped notice features like weight, shape, texture, hidden details, and ways to operate soldiers' tools. Once the interactive installation is deployed in the museum, the periodic analysis of logs may allow us to identify the actual attracting and holding power of exhibit objects (Boisvert and Slez 1995) and inform curators' decisions on object turnover (Marshall et al. 2015) .
To facilitate an effective synergy between the physical and the digital interaction, it is essential that the media content is conceived to initially accompany and guide the exploration of the artefact, without diverting the user's visual attention, and to include information that visitors would not be able to work out by themselves, thus inducing a sense of discovery. In our case study, for example, a narrating voice coupled with light graphic animations highlighting physical parts of the objects (e.g., a handle, a folded-up metal edge) was quite effective. More cognitively demanding video-stories can be offered at a second stage to help visitors learn facts related to the objects and elaborate on their own interpretation of historical events.
However, an effective interaction design is essential to reduce false expectations and usability problems. The terminology used for usage instructions needs to be absolutely clear about what the installation is and how it can be used, with direct reference to easily recognisable physical elements. Desirably, physical affordances (Norman 2013 ) (e.g., drawings of object shapes, coloured lights or hollows on the top surface) should univocally guide the placement of objects in correct positions.
This type of experience based on tangible interaction suits small groups of visitors well: The sharing of the physical objects (observing what others are doing, taking turns, handing over) offers a new opportunity to do things together. Seemingly, while the reading of informative panels is often done individually, the (unusual) opportunity to handle an original relic is considered worth being shared and visitors gather around the interactive installation.
The presented study involved a mixed-method approach based on varied data: interaction logs and questionnaires (collected during a period of eleven weeks), observations, and interviews (concentrated in one day of public opening of the museum). Given that observations emerged as decisive to interpret the users' behaviour and social dynamics, an extended number of observations would allow us to further investigate the generalisability of the findings and other unexplored phenomena, like, for example, spatial patterns of group positioning around the interactive installation (Marshall et al. 2011) . In this context, a comparison of the proposed solution with a baseline scenario of object manipulation without digital guidance would also help further dissect the actual contribution of the material vs. digital aspects of the experience on the visitor engagement.
One limitation of the study is that it tested one single interactive plinth. Although interviewees explicitly suggested the introduction of other plinths in other rooms of the museum, how the presence of multiple digitally augmented installations impacts on the user interest, engagement, and personal choices needs to be specifically investigated. A second limitation is that the design solution was conceived to fit the historical domain, with the explicit purpose of stimulating reflection. In other types of museums, CHPs might have different expectations and requirements, and the audience might display different attitudes toward interaction. For example, science museums are often characterised by a learning-by-doing mission statement, with several activities based on games and discovery. Therefore, different interaction design solutions might be adopted. Another interesting point of investigation would be the explicit comparison of user engagement when using original objects vs. replicas (a mandatory choice in case of fragile relics). The fact that the objects were actually used by others in the past was commented by visitors as a key factor in our study (Emotional involvement in Figure 7 ). But given that also the Physical engagement, the Physical & digital synergy, and the Guidance effects were so important in producing a successful experience (Figure 7) , it would be worth understanding what type of result can be reached with high-quality replicas coupled with digital content narrating personal stories. These are aspects that clearly indicate directions for future work.
Future investigations will be enabled by the flexibility of the hardware and the software platform on which the interactive plinth of Museo della Guerra was implemented, as the tested interaction solution can easily be extended, reused, or repurposed for different settings. The renovation of the interaction experience by simply replacing some of the content items or changing/adding exhibit objects involves limited effort. Essentially, the cost is that of preparing the new media items and uploading them into the system with a bespoke authoring tool (Risseeuw et al. 2016; Not and Petrelli 2019) . The behaviour of the system is also reprogrammable to change the type of interaction that is offered to visitors. For example, the interactive plinth deployed at Museo della Guerra features buttons for language selection. It is possible, however, to exploit the buttons to also support other types of interaction functions, like the selection of alternative themes. For historic objects, the buttons could be used to request additional information about when and where the object was found or about similar types of objects available in the museum collection. This option was, for example, explored in the repurposing of the technological setup for a scenario where the interactive plinth (with a different physical form) was used to provide information about products (different bottles of wine) during a trade fair (Cavada et al. 2018 ). Another possibility is to reconfigure the interactive plinth to support a more complex scenario, where several plinths are connected in a network, and the visit history is monitored throughout in real time to personalise the interaction. Buttons in this case could be used to let visitors answer questions about the object they are exploring in a sort of quiz. This scenario may be of interest for educational activities for schools or families in museums.
